The present study stages a comparative evaluation of microstructure and associated mechanical and thermal response for common cast aluminum alloys that are used for manufacturing automotive cylinder heads. The systems considered are Al-Cu (206-T6), Al-Si-Cu (319-T7), and Al-Si (356-T6, A356-T6, and A356 + 0.5Cu-T6). The focus of the present manuscript is on the evaluation of microstructure at various length scales after aging, while the second manuscript will deal with the mechanical and thermal response of these alloys due to short-term (aging) and long-term (pre-conditioning) heat treatments. At the grain-scale, the Al-Cu alloy possessed an equiaxed microstructure as opposed to the dendritic structure for the Al-Si-Cu or Al-Si alloys which is related to the individual solidification conditions for these alloy systems. The composition and morphology of intermetallic precipitates within the grain and at the grain/dendritic boundary are dictated by the alloy chemistry, solidification, and heat treatment conditions. At the nanoscale, these alloys contain various metastable strengthening precipitates (GPI and h 00 in Al-Cu alloy, h 0 in Al-Si-Cu alloy, and b 0 in Al-Si alloys) with varying size, morphology, coherency, and thermal stability.
The present study stages a comparative evaluation of microstructure and associated mechanical and thermal response for common cast aluminum alloys that are used for manufacturing automotive cylinder heads. The systems considered are Al-Cu (206-T6), Al-Si-Cu (319-T7), and Al-Si (356-T6, A356-T6, and A356 + 0.5Cu-T6). The focus of the present manuscript is on the evaluation of microstructure at various length scales after aging, while the second manuscript will deal with the mechanical and thermal response of these alloys due to short-term (aging) and long-term (pre-conditioning) heat treatments. At the grain-scale, the Al-Cu alloy possessed an equiaxed microstructure as opposed to the dendritic structure for the Al-Si-Cu or Al-Si alloys which is related to the individual solidification conditions for these alloy systems. The composition and morphology of intermetallic precipitates within the grain and at the grain/dendritic boundary are dictated by the alloy chemistry, solidification, and heat treatment conditions. At the nanoscale, these alloys contain various metastable strengthening precipitates (GPI and h 00 in Al-Cu alloy, h 0 in Al-Si-Cu alloy, and b 0 in Al-Si alloys) with varying size, morphology, coherency, and thermal stability. APPLICATION of precipitation-strengthened cast aluminum alloys to replace cast iron components in the passenger vehicle power trains, e.g., cylinder heads or engine blocks, has been a signature light-weighting achievement in the automotive industry. [1, 2] The most commonly used cast alloys for cylinder head applications are those from the Al-Si-Cu (e.g., 319 or A319) or Al-Si (e.g., 356 or A356) systems. [3] The compositions of these alloys are optimized for fabricating complex components with adequate mechanical performance, castability, and cost. Silicon in these alloy systems provides required fluidity, hot tear resistance, and desired mold feeding characteristics. [2] Numerous studies have been performed that reveal aspects of structure evolution at various length scales in these alloy systems. Some of these studies were aimed to understand the effect of solidification conditions on the dendritic structure evolution and related feature size variations. [4] [5] [6] [7] [8] On the microstructural level, the roles of various alloying elements, either on the formation of solidification defects such as shrinkage porosity [9] [10] [11] or the brittle intermetallics within the interdendritic regions [12] [13] [14] [15] [16] [17] have attained the most interest. For example, crystal structure and crystallization behavior of Fe-containing intermetallics, [18] [19] [20] their formation mechanisms, [21] and three-dimensional morphology [22, 23] have been studied. The role of certain elements (e.g., Mn) [24] [25] [26] [27] [28] or specialized heat treatment [29] that cause structural and morphological transformations between different Fe-intermetallics (acicular b to irregular or 'Chinese script' a) has also been studied in detail. Such transformations are found desirable in relation to porosity formation and the castability for the Al-Si and Al-Si-Cu alloys.
The modification of eutectic Si phase morphology through various trace element additions, e.g., Na, P, Sr [30] [31] [32] [33] [34] as well as Sb, Bi, Sr, [35] the associated mechanisms [36] and effects of such modification on the tensile properties of cast alloys [37] has also been well-reported for Al-Si-Cu or Al-Si alloys. Furthermore, the structure, morphology, and composition of nanoscale strengthening precipitates such as b 0 -Mg 2 Si or Q 0 , [38] [39] [40] their evolution pathways over the aging heat treatment, [14, 41, 42] and role of alloying elements in modifying these nanoscale precipitates [40, [43] [44] [45] have added to the knowledgebase for the Al-Si alloys. The Al-Cu alloy systems, on the other hand, have been studied as model systems to understand the characteristics of nanoscale strengthening h 0 -Al 2 Cu precipitates. [46] [47] [48] [49] Lesser effort has been expended toward the characterization of microstructural features such as equiaxed grains or dendritic structures and the coarse intermetallics for this system. A careful scrutiny of this vast knowledgebase for cast Al-Cu, Al-Si-Cu, or Al-Si alloys reveals two important aspects which warrant further exploration. First, the structural information about these alloy systems is quite scattered and generally available at only one (either micro or nano) length scale. Just a few studies have attempted to develop a comprehensive structural understanding from the grain-scale all the way to the nanoscale features. [50] More importantly, any comparison of the structural features (at all length scales) between these alloy systems is not available till date. Such study would be helpful to design automotive cylinder heads with superior property combinations. [51] The present study attempts to develop a fundamental knowledgebase for five common aluminum alloys that are generally used in casting automotive cylinder heads; three of them belong to Al-Si system (356-T6, A356-T6 and A356 + 0.5Cu-T6), while the other two are from the Al-Si-Cu (319-T7) and Al-Cu (206-T6) systems. In order to replicate the alloy microstructures in the combustion chamber region of cylinder heads, the cast blanks were extracted from those locations in a gravity die wedge cast ingot that contained a pre-specified grain size (~90 lm for 206 alloy) or secondary dendrite arm spacing, SDAS (~30 lm, for 319, 356, A356, and A356 + 0.5Cu alloys).
In the first part, that is the current manuscript, we investigate the structure evolution in these five alloys at various length scales using microscopy and X-ray diffraction techniques in the as-aged condition. In the second part, mechanical and thermal properties of these alloys as a function of different heat treatment schedules are reported and discussed. [72] II. EXPERIMENTAL PROCEDURE
A. Materials and Heat Treatment
Five different alloys were used in the present study, one each from Al-Si-Cu (319) and Al-Cu (206) systems and three from the Al-Si system (356, A356, and A356 + 0.5Cu). Composition of these alloys (Table I) was determined via inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectroscopy (ICP-MS) techniques (for alloying elements in wt pct and impurity contents up to ppm detection level, respectively). The alloys were melted at a temperature above 1073 K (800°C) and cast into sand molds with varying thickness (gravity die wedge casting). Subsequently, small blanks of dimension 6.5¢¢ (length) 9 0.75¢¢ (width) 9 0.75¢¢ (thickness) were extracted from identical regions of the wedge cast ingots such that the secondary dendrite arm spacing (SDAS) was~25 lm for Al-Si-Cu (319) alloy and~30 lm for the three Al-Si (356, A356, and A356 + 0.5Cu) alloys. It is important to note that the microstructure of the alloy ingots can vary considerably due to varying thickness in wedge casting at different locations since the cooling rate during solidification is sensitive to alloy composition (Al-Si-Cu vs. Al-Si alloys). [6, 7, [52] [53] [54] These blanks were then solution-treated as per the schedule provided in Table II and water quenched to 363 K (90°C). The solution-treated and quenched alloy blanks were subsequently aged at various temperatures (Table II) up to 5 hours which yielded a final T6 condition for Al-Cu (206) and Al-Si alloys (356, A356, A356 + 0.5Cu) and T7 condition for Al-Si-Cu (319) alloy. [55] Solutionizing and aging treatments were carried out in a forced convection oven. The aged specimens were air-cooled to room temperature after aging.
B. Optical and SEM Characterization for Microstructural Features
As shown in Figure 1 , the faces of the blanks originally extracted from the cast ingot are named with the following convention: X-face?X-direction (length direction of the blanks), Y-face?Y-direction (width direction of the billet), and Z-face?Z-direction (thickness direction of the billet). The observation surfaces for optical and electron microscopy were first metallographically polished up to 2500 grit SiC paper and finished with 1 lm diamond paste. The polished surfaces were then etched using Keller's solution (1.5 pct HCl, 2.5 pct HNO 3, and 1 pct mL HF by volume in water) by immersing the specimens for 10 seconds. Microstructural characterization was performed on the specimens ONLY in the as-aged condition. Optical micrographs were collected from these three faces in differential interference contrast (DIC) mode*. Scanning electron micrographs (SEM)** were recorded in backscatter electron (BSE) mode from the horizontal surfaces of the blanks (from Z-face with image normalkZ-direction). Compositional analysis of various microstructural features was also carried out from the Z-face using energy-dispersive spectroscopy technique in the SEM (SEM-EDS). For SEM and EDS studies, an accelerating voltage of 20 kV and effective working distance of 13 mm were used.
The size of various microstructural features (equiaxed grains or secondary dendrites plus coarse intermetallics) was estimated by linear intercept method from the optical (from X-, Y-, and Z-faces) and SEM (from Z-face) micrographs. Several vertical and horizontal lines were drawn to obtain statistical reliability with 95 pct confidence interval. From the measured values, a cumulative distribution (in terms of number fractions) of intercept lengths was obtained and the weighted *Olympus BX51M, Olympus.
**HITACHI
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ImageJ Ò developed by National Institute of Health.
average plus corresponding error value was calculated. Average linear intercepts were finally converted to equivalent feature sizes (equiaxed grain sizes or secondary dendrite sizes) by multiplying with a stereological factor of 1.56 as per the ASTM standard E112-96.
C. Nanostructural Characterization
The nanostructures of the as-aged alloys (up to the atomic level) were characterized using electron-transparent thin foil specimens prepared by electropolishing and/or argon ion beam milling techniques. Electropolished foils were prepared from 3-mm disks (core-drilled from 100 lm slices originally cut from the bulk alloy blanks) using a Tenupol double-jet system with 25 pct HNO 3 -75 pct methanol electrolyte chilled to 260 K (À13°C). [56] Some foils were further thinned down (as needed for electron transparency), using a Fischione 1010 argon ion mill, with opposing Ar beams operated at 3 kV, 5 mA, and 12 deg tilt angle, typically for 30 minutes or less. The sample was chilled with liquid nitrogen during milling to prevent microstructural artifacts resulting from heat build-up in the foil.
The electron microscopy for nanostructural characterization of the as-aged alloys was carried out with a JEOL 2200FS (scanning) transmission electron microscope (STEM), operated in scanning mode with the capability to record simultaneous bright-field (BF) and high-angle annular dark-field (HAADF) images. The instrument was equipped with a CEOS GmbH (Heidelberg, Germany) aberration corrector on the probe-forming lenses that routinely achieved 0.07 nm resolution in HAADF mode, with a probe convergence semi-angle of 26.5 deg, and detector inner angle of 110 deg. HAADF images were recorded with the electron beam in either an h001i Al or a h110i Al zone axis orientation. Only the h001i Al images were used for size and number density measurement of the nanoscale precipitates within any given microstructural area. The measurement scheme uses linear intercepts and is similar to that used for the measurement of features in the SEM micrographs (described in more detail in Section II-B of Part II of this paper). As described later, the primary strengthening precipitate in the Cu-based alloys is plate-shaped h 00 or h 0 , where the plates align along the three {001} Al cube faces of the FCC-Al structure. [57] For the Al-Si alloys, the nanoscale precipitate is rod-shaped b 0 -Mg 2 Si with circular cross section and h001i Al as the preferred growth direction. [40] D. X-ray Characterization Phase identification of the as-aged alloys was performed by X-ray diffraction à using a line detector. The horizontal surfaces (Z-faces) of the billets were placed on the center of rotation of the hÀ2h goniometer using a dial gauge probe, precise to ±10 lm. Using Cu K a radiation (k = 1.541874 Å ), XRD patterns were collected in~3 hours with a continuous scan mode from 5-70 deg 2h and a step size of 0.0167 deg. All the X-ray scans used ¼ deg incident slits and ½ deg incident and receiving anti-scatter slits. Incident and receiving 0.25 deg Soller slits and a receiving Ni filter were also used. Search match was conducted using the JadeÒ § and/or HighScore PlusÒ § § softwares with the PDF database -.
III. RESULTS AND DISCUSSIONS
A. Microstructure and Phases of the As-aged Alloys Figure 2 shows the virtual cuboids assembled from the optical micrographs that were collected from the three faces (image normal perpendicular to either X, Y, or Z directions) of the as-aged alloy blanks. The Al-Cu alloy (206) microstructure is composed of equiaxed a-Al grains with nearly equivalent size and distribution on all three faces (marked in Figure 2(a) left) . The average grain size in the 206 alloy is~90 lm, while the distribution shows an extended tail toward higher grain size values (>150 lm, Figure 2(a) right) . The equiaxed grain structure in this alloy is a direct consequence of grain refinement during solidification through the addition of Ti-B master alloy. [2] The microstructure also contains various intermetallic particles at the a-Al grain boundaries. In the case of the Al-Si-Cu (319) or Al-Si (356, A356 and A356 + 0.5Cu) alloys, the microstructure consists of a-Al dendrites which are again marked on each face of the respective unit cubes in Figures 2(b) through (e) left. Similar to the 206 alloy, the dendritic structures for these four alloys are homogeneous on the three faces with interdendritic regions containing various intermetallic phases.
Optical characterization
The identification and size measurement for the primary dendrites in Al-Si-Cu or Al-Si alloys were problematic even when a statistically significant number (~30 optical micrographs of different magnifications) was analyzed. The secondary dendrites also displayed a large spread making quantitative comparison among the four alloys difficult (Table III) . Nonetheless, the overall microstructure (secondary dendrite size) appears finer for 319 and A356 + 0.5Cu (~46-47 lm, Figures 2(b) and (e)) as compared to 356 and A356 (~60 lm, Figures 2(c) and (d)). As already explained, these cast blanks were extracted from the wedge cast ingots wherein the secondary dendrite arm spacing (SDAS) was~25 lm for Al-Si-Cu alloy and~30 lm for the three Al-Si alloys. Even for the same mold conditions (temperature and location) and SDAS, secondary dendrite size can vary considerably at different locations in wedge cast alloy ingot since the cooling rate during solidification varies as per the alloy compositions (Al-Si-Cu vs. Al-Si alloys). [6, 7, [52] [53] [54] The higher Si content in the Al-Si-Cu alloy (8.1 wt pct in 319) as compared to Al-Si alloys (7.15-7.3 wt pct for 356 or A356) increases the amount of solute that interferes with the growth of the dendrite, thus producing a finer microstructure for the former alloy. [8] Comparatively finer secondary dendrites in A356 + 0.5Cu (~7.3 wt pct Si) among the three Al-Si alloys are possibly because of the stronger refining effect from the additional Cu in the composition. [58] 2. SEM-EDS characterization The 206 alloy contains blocky primary eutectic Al 2 Cu intermetallics at the grain boundaries (Figure 3 ). These particles are mostly characterized with irregular morphology and their sizes vary in the range of 2-6 lm. The microstructure also contains elongated Fe-rich precipitates~10-20 lm length and~1.5 lm width without Mn. The elongated morphology and the presence of Cu suggest that these are x-Al 7 Cu 2 Fe precipitates. [21, 22, 27] [18] The microstructure for the 319 alloy is characterized by eutectic Si particles in the interdendritic region alongside various intermetallic phases and a-Al dendrites (Figure 4(a) ). The eutectic Si particles are nodular and usually~3-5 lm in size suggesting adequate modification by trace elements (Na, Sr, P, Ca etc.) present in the composition. [30] [31] [32] [33] The intermetallics within the interdendritic regions appear in two different morphologies: either as elongated plates with high aspect ratio or blocky and spherical with low aspect ratio (Figures 4(c),  (d) ). The plate-shaped intermetallics are b-Al 5 FeSi or more precisely, b-Al 9 Fe 2 Si 2 [29] with varying size and aspect ratio (~10-20 lm in length, while >1 lm in width). [22] The blocky intermetallics, on the other hand, are finer (~2-5 lm) and contain Fe plus Si and Mn (a-Al 8 (Fe,Mn) 2 Si). [19, 20, 25] The a-Al 8 (Fe,Mn) 2 Si precipitates are described as the 'Chinese script' intermetallics for their complex morphology as shown in Figure 4(b) . Some of these blocky and/or spherical particles are also observed without any ternary elements such as Mn, Mg, or Si. These are the primary eutectic Al 2 Cu. [12] [13] [14] Finally, few of the Cu and Mg-bearing intermetallics (Q-phase, Al 5 Cu 2 Mg 8 Si 6 ) with spherical morphology are identified in the microstructure, either with coarser (Q 1 , >1 lm) or finer (Q 2 , >0.3 lm) dimensions. [13, 59, 60] The Fe-intermetallics normally grow around pre-existing a-Al dendrite arms, e.g., via lateral growth between primary dendrites in case of b-Al 5 FeSi intermetallics, [21, 22] so that most of them are located at the dendritic boundaries or within the interdendritic regions. For the alloys 356, A356, and A356 + 0.5Cu (collectively, Al-Si alloys), the microstructures are dendritic and contain intermetallics at the interdendritic boundaries, similar to that for 319 alloy (Figures 5 through 7) . The eutectic Si particles are nodular and~3-5 lm in size; the size distribution of Si particles, however, shows many finer particles of <1 lm. One common feature of these Al-Si alloys is the absence of blocky a-Al 8 (Fe,Mn) 2 Si phase as opposed to the 319 alloy. Instead, Mn-bearing Fe-intermetallics in elongated and/ or irregular morphology (~2-5 lm in length) are present. Although the presence of Mn suggests that these elongated precipitates are not b-Al 5 FeSi, it is possible that the structural and morphological transition is not complete for these Al-Si alloys, unlike 319 alloy. This difference is related to the Fe:Mn ratio in the composition which dictates the extent of morphological transformation between b-Al 5 FeSi and a-Al 8 (Fe,Mn) 2 Si by influencing the nucleation rate of these two phases. [24, 26, 27] The Mn content should be >0.2 wt pct with an ideal Fe:Mn ratio of~1.2 to cause the near complete conversion of b-Al 5 FeSi to a-Al 8 (Fe,Mn) 2 Si.
The Fe:Mn ratio is not appropriately maintained, plus the Mn content is lower than that required theoretically for structural transformation for the low Fe-containing Al-Si alloys, e.g., A356 (0.16 wt pct Fe and 0.06 wt pct Mn; Fe:Mn =~3) and A356 + 0.5Cu (0.14 wt pct Fe and 0.08 wt pct Mn; Fe:Mn = 1.75) ( Table I) Figures 5 and 6) . [25] This p-phase appears in elongated morphology (~5-10 lm in length and 1-2 lm in width) for both 356 and A356 alloys. The absence of Cu in the composition of 356 or A356 alloys leads to p-phase formation instead of Cu-containing Al 2 Cu or Q-Al 5 Cu 2 Mg 8 Si 6 phases normally found in Al-Cu (206) or Al-Si-Cu (319) alloy. [14] Table IV summarizes various intermetallic phases with their size/morphology for different cast alloys. 
X-ray diffraction characterization
Confirmation of various phases in the microstructure is obtained from the X-ray diffraction of the as-aged alloys ( Figure 8 ). As expected, the principal phase in the XRD profile is the a-Al for all the alloys. Due to the coarse microstructure in the casting and resultant crystallographic texture after solidification, the observed intensity distribution of the a-Al phase is non-random for the dendritic alloys (319, 356, A356, and A356 + 0.5Cu), which is not unexpected. [61] The second major phase in the Al-Si-Cu or Al-Si alloys is the eutectic Si phase, which unlike a-Al phase possesses a smaller grain sizes and a more random orientation.
Other than these major phases, the XRD profiles of the as-aged alloys also indicate several intermetallic phases, which are discussed in Section III-A-2. The peaks corresponding to these intermetallics have lower intensity due to their low volume fractions. [16, 62, 63] Table IV and compared with the SEM-EDS results reported in Section III-A-2.
B. Porosity in Cast Alloys
Other than the eutectic Si and various intermetallic phases, the as-aged microstructures of Al-Si-Cu or Al-Si alloys also contain pores, primarily at the dendritic boundaries or in the interdendritic regions. They are recognized as shrinkage porosity to distinguish them from those that form due to oxide inclusions or gas absorption. [9] Such pores are considered detrimental for structural integrity of cast automotive parts, [64] e.g., they may act as stress concentrators during cyclic loading. [65] The number density of pores is much less for Al-Cu alloy (206) which is verified on a statistical basis over a large microstructural area. In case of the alloy 319, the shrinkage pores appear in varying size and morphology; the bigger pores are irregular and often larger than 10-15 lm, while the finer pores are spherical or sometimes elongated and within 2-5 lm size range (Figure 4(a) ). The size and morphology of the shrinkage pores in the Al-Si alloys are different from that in the 319 alloy. The pores are predominantly spherical (e.g., in 356, Figure 5 ) or sometimes elongated (e.g., A356 and A356 + 0.5Cu, Figures 6 and 7) but rarely irregular. The spherical pores are~2-3 lm in size, while elongated pores are <1 lm in width and of widely varying length. The size and morphology of the shrinkage pores for different alloys are also summarized in Table IV. Smaller size for the shrinkage pores with primarily spherical morphology in Al-Si alloys as opposed to Al-Si-Cu alloy is related to the difference in Fe content and related intermetallic formation between these alloys. Irrespective of the Al-Si-Cu or Al-Si alloys, the shrinkage pores are often adjacent to the Fe-containing elongated intermetallic phases. These pores form during the last stages of solidification due to insufficient liquid filling within the interdendritic regions. [10] The b-Al 5 FeSi intermetallics, because of their elongated, plate-like 3D-structure, are particularly responsible for shrinkage porosity formation since they effectively block the interdendritic channels and reduce the shrinkage feeding. [66] A morphological and structural conversion of b-Al 5 FeSi to a-Al 8 (Fe,Mn) 2 Si is crucial for reducing the pore density in the castings. [11] Shrinkage pores grow preferentially along the surface of the b-Al 5 FeSi compared to the a-Al 8 (Fe,Mn) 2 Si due to the lower gas (entrapped inside the pores)-solid interfacial energy in case of the former intermetallic phase. C. Nanostructure of the As-aged alloys (TEM observations) Figure 9 shows the representative STEM HAADF images of the as-aged alloys (206, 319, and A356). Such images were used to determine the size, morphology, and number density of the nanoscale precipitates. In case of the Al-Cu (206) or Al-Si-Cu (319) alloys, the primary nanoscale strengthening precipitates are h 00 or h 0 which form on the {001} Al habit planes and are made of Al and Cu atoms. The HAADF images in the h001i Al zone axis orientation show two sets of mutually orthogonal plate-shaped precipitates. The Cu atomic columns appear bright and Al atomic columns appear in darker contrast in the HAADF images, in which elemental contrast varies approximately as (Z Cu /Z Al ) 1.7 . [47] It is to be noted that the length and width of the precipitates in these STEM images represent the actual width and thickness, respectively, of the original plate-shaped h 00 or h 0 precipitates, while the number density does not account for the third precipitate variant. [67] The Al-Cu alloy 206 after aging is characterized by a high number density of fine and closely spaced precipitates; the average width is 20-30 nm (Figure 9(a) left) . High-magnification image shows the precipitates having the h 00 structure, consistent with the Al 3 Cu crystallography, [40] in which a pair of planes of Cu atoms is separated by three planes of Al atoms, and satisfying the h001ih 00 || h001iAl orientation relationship (Figure 9 (a) right). Also seen were numerous single Cu atomic planes Fig. 8-X-ray diffraction profiles of various cast alloys, (a) 206, (b)  319, (c) 356, (d) A356 , and (e) A356 + 0.5Cu identifying major and minor phases present in the microstructure. Intensity in the y-axis is expressed in logarithmic scale. For each phase, the peaks are labeled with the appropriate Miller indices corresponding to the (hkl) for each crystallographic phase. The amorphous hump at low angle originates from the mounting epoxy. Peaks corresponding to Tungsten target L-emission (W L ) and source Cu K b emission are also labeled. Some unidentified peaks are labeled as 'U.'. in the nanostructure which are Guinier-Preston zones (GPI). The third set of both h 00 or GPI being normal to the electron beam was not distinctly seen because of insufficient scattering by the low number of Cu atoms along the beam direction.
The strengthening precipitate structure in the 319 alloy is shown in Figure 9( [38] The number density of h 0 precipitates in 319 alloy is much lower compared to that for h 00 or GPI in the 206 alloy. The precipitates are characterized by an average width of~100-150 nm (Figure 9(b): left) . The h 0 precipitates have thicknesses in the range of 2.5-5 nm; at this thickness, the third habit of the precipitate, normal to the electron beam, is seen in faint bright contrast in the low-magnification image (Figure 9 (b) left, marked with arrow). Figure 9 (c) represents the nanoscale precipitates in one of the Al-Si alloys (A356) after aging. These precipitates appear in darker contrast in the low-magnification bright-field images (Figure 9 (c) left). This precipitate is distinctly different from the nanoscale h 00 or h 0 precipitates in the 206 or 319 alloys which appear bright in the background of the a-Al matrix. This difference seems justified considering that the precipitates in the latter two alloys contain Cu with higher atomic number (Z), whereas the A356 alloy forms precipitates with low Z-contrast elements Mg and Si. [68] Furthermore, the nanoscale precipitates in A356 are of circular morphology when viewed along the h001i Al zone axis as opposed to the plate-shaped h 00 (206) or h 0 (319) precipitates. The high-magnification image in the inset, however, suggests that the precipitates are not completely circular and rather of irregular morphology. Most of these precipitates are~2-5 nm in diameter which is similar to the thickness of the h 0 precipitates in 319. An even higher magnification image with near atomic resolution shown in Figure 9 (c) right suggests that these precipitates are coherent with the a-Al matrix in the h001i Al direction. Comparing this precipitate structure and lattice spacing with that reported for similar precipitates in the Al-Mg-Si system, [41, [68] [69] [70] it is confirmed that they are b 0 with hcp crystal structure (a = 4.07 Å , c = 4.05 Å ). Such precipitates grow as rods or fine needles with h001i Al as their growth direction and therefore, appear circular when viewed from h001i Al zone axis. [69, 71] Implications of the observed nanostructures for the mechanical and thermal properties of these alloys are reported in Part 2 of this manuscript. [72] IV. SUMMARY AND CONCLUSIONS In this part of the present study, candidate cast aluminum alloys for engine cylinder heads from the Al-Cu (206), Al-Si-Cu (319), and Al-Si (356, A356, and A356 + 0.5Cu) alloy systems were studied. The microand nanostructure of these alloys was evaluated in the as-aged condition on a comparative basis. The following conclusions are drawn: 
